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Abstract The relationship between microbial respi-
ration rate and soil moisture content is an important
property for understanding and predicting soil organic
carbon degradation, CO2 production and emission, and
their subsequent effects on climate change. This paper
reports a pore-scale modeling study to investigate the
response of heterotrophic respiration to moisture
conditions in soils and to evaluate various factors that
affect this response. X-ray computed tomography was
used to derive soil pore structures, which were then
used for pore-scale model investigation. The pore-
scale results were then averaged to calculate the
effective respiration rates as a function ofwater content
in soils. The calculated effective respiration rate first
increases and then decreases with increasing soil water
content, showing a maximum respiration rate at water
saturation degree of 0.75, which is consistent with field
and laboratory observations. The relationship between
the respiration rate and moisture content is affected by
various factors, including pore-scale organic carbon
bioavailability, the rate of oxygen delivery, soil pore
structure and physical heterogeneity, soil clay content,
and microbial drought resistivity. Overall, this study
provides mechanistic insights into the soil respiration
response to the change in moisture conditions, and
reveals a complex relationship between heterotrophic
microbial respiration rate and moisture content in soils
that is affected by various hydrological, geophysical,
and biochemical factors.
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Introduction
Moisture is one of the most important environmental
factors influencing heterotrophic respiration (HR) in
soils (Bond-Lamberty and Thomson 2010; Falloon
et al. 2011; Moyano et al. 2013; Orchard and Cook
1983; Sierra et al. 2015). It affects soil organic carbon
(SOC) bioavailability and the rate of oxygen delivery
that affect microbial metabolism in regulating hetero-
trophic SOC decomposition (Moyano et al. 2012;
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Rodrı´guez-Iturbe and Porporato 2005). Low moisture
content restricts pore-water connectivity and
decreases SOC mass transport, and thus reduces
SOC bioavailability (Davidson et al. 2012). Full
saturation and inundation decreases the effective rate
of oxygen diffusion and thus aerobic respiration in
soils (Franzluebbers 1999; Skopp et al. 1990). Various
macroscopic observations have revealed that the
relationship between soil respiration rate and moisture
content is complex and site-specific, depending on soil
properties such as soil structure and texture (Fran-
zluebbers 1999; Moyano et al. 2012), carbon specia-
tion and decomposability (Bauer et al. 2008; Wang
et al. 2013), and microbial activity (Lehmann et al.
2007; Manzoni et al. 2012).
Empirical models are commonly used to describe the
response of microbial HR to moisture changes in
simulating SOC degradation and carbon dioxide
(CO2) flux from soils (Bauer et al. 2008; Coleman and
Jenkinson 1996; Kelly et al. 1997; Sˇimu˚nek and Suarez
1993). The prediction of carbon cycling in soils is,
however, highly dependent on the empirical represen-
tations of the HR processes (Davidson et al. 2012), and
contains large uncertainty (Bauer et al. 2008; Rodrigo
et al. 1997; Sierra et al. 2015). Reactive transport
processes including moisture-dependent diffusion for
describing substrate transport and Michaelis–Menten
kinetics for describing microbial respiration have been
considered in the process-basedmodels (Davidson et al.
2012). By incorporating these processes the models
provide important insights into the relationship between
the HR rate and moisture content (Moyano et al.
2012, 2013). However, pore-scale investigation on the
effects of soil heterogeneity, SOC bioavailability,
moisture content distribution, and substrate transport
on soil respiration rates have not been investigated.
One reason that modeling HR remains difficult is
because soils are highly heterogeneous in their geo-
physical and biochemical properties (Gonzalez-Polo
and Austin 2009; Kuzyakov and Blagodatskaya 2015;
Lehmann et al. 2007). The heterogeneous distribution
of SOC and its bioavailability due to local physical
protection and chemical recalcitrance (Six et al. 2002),
preferential and matrix transport of substrates due to
pore connectivity and local moisture content (Hunt
2004; Liu et al. 2015a, 2014; Steefel andMaher 2009),
and nonuniform formation of microbial colonies and
biofilms due to local substrate availability and preda-
tion inhibition (He et al. 2014; Kakumanu et al. 2013;
Or et al. 2007; Xu et al. 2014) have been observed to
affect the rate of heterotrophic respiration and its
correlation with moisture content in soils (Franzlueb-
bers 1999; Moyano et al. 2012). Understanding the
pore-scale physical and biochemical processes asso-
ciated with these heterogeneous properties as well as
their manifestations at large scales is crucial to reduce
the uncertainty of predicting the relationship between
HR rate and moisture content in soil systems.
This paper reports a pore-scale modeling study to
establish the relationship between HR rate and mois-
ture content in soils with heterogeneous pore struc-
tures, and evaluate the effects of various soil
properties, including soil structure and texture as well
as microbial drought resistivity, on this relationship.
These properties influence the macroscopic soil res-
piration rate through affecting pore-scale physical and
biochemical processes, such as organic carbon trans-
formation and transport, oxygen diffusion and
exchange, and microbial growth and decay. We
hypothesize that the pore-scale modeling including
these processes is able to interpret the complicated
relationship of HR rate and water content observed in
soils. X-ray computerized tomography and imaging
analysis were used to derive pore structures for the
pore-scale modeling. Only microbial HR in a root-free
soil was considered in this study to provide pore-scale
insights between microbial HR and moisture content.
Materials and methods
Soil pore structures
The intact soil samples collected from the US
Department of Energy’s Hanford Site were packed
into a soil core (10 cm height, 4 cm diameter) (Liu
et al. 2015b). The samples consist of 40.7, 26.1, 17.6,
and 15.6% of grains with size \0.053 mm,
0.053–0.5 mm, 0.5–2 mm, and[2 mm, respectively.
This soil core was scanned using X-ray computerized
tomography (XCT, Xtek XT H 320) to obtain
grayscale images at a voxel resolution of 28 lm (Liu
et al. 2015b). The grayscale XCT images (Fig. 1a)
were digitized to derive porosity distributions
(Fig. 1b, c) using a dual threshold method (Yang
et al. 2014). In this method, the voxels with a grayscale
value below a small threshold were assigned as a pore
space (i.e., porosity / = 1); above a large threshold
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were assigned as a solid space (i.e.,/ = 0); and values
between the two thresholds were treated as spaces
containing both pores and solids with porosity (/)
inversely proportional to the grayscale value. This
transform method reflects the fact that some pores in
soils are below the XCT resolution (i.e.,\28 lm), and
voxels containing such pores have to be treated as
mixed regions of pores and solids (Yang et al. 2014).
The porosity for voxels with mixed pores and solids is
defined in the same way as for the bulk soils, with the
porosity value derived from the voxel grayscale value.
The total porosity in the soil core can then be
calculated by adding pore volume in each voxel. The
total porosity using the transform method will depend
on the two threshold values, which were determined
by matching the calculated total porosity to the
measured bulk porosity in the soil (Yang et al. 2014).
Three soil cores with different degrees of hetero-
geneity and porosity values were used to evaluate the
effects of soil structure on the relationship between
heterotrophic respiration and moisture. The first and
second cores were constructed using the XCT images
(Fig. 1a), and have heterogeneous pore structures with
different average porosity values of 0.58 (Fig. 1b) and
0.5 (Fig. 1c), which are nearly the averaged porosities
of the natural and compressed soil cores, respectively,
as reported in a reference (Franzluebbers 1999). This
was realized by changing the grayscale threshold
values in converting the XCT grayscale images to
porosity distribution. The third core was artificially
created, and has the same average porosity as that in
the first core, but all voxels are assumed to have the
same properties (homogeneous and porosity 0.58).
Model description
Important processes that can potentially affect respi-
ration rates were considered in the model simulations.
These processes include soil organic carbon partition-
ing between dissolved and sorbed phases, microbial
metabolism of SOC as carbon source and electron
donor, and oxygen (O2) and CO2 diffusion and
partitioning in gas and liquid phases. The transforma-
tion of SOC from sorbed to dissolved organic carbon
(DOC) was described using a first-order kinetic model
to account for the mass transfer process limiting the
bioavailability of the SOC associated with the intra-
aggregate domains (Jardine et al. 1989). Microbial
Fig. 1 a An X-ray computerized tomography image of a soil
core where a larger grayscale number indicates that the voxel
contains a higher content of solids; porosity (/) distributions of
soil cores with averaged porosities of b 0.58 and c 0.5 converted
from the grayscale image. The grayscale threshold values
applied for the conversion were 85 and 200 for (b) and 77 and
190 for (c). For the porosity distribution, 0 denotes solid, 1
denotes pore, and other values between them denote regions
with mixed pores and solids
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metabolism and respiration rate were described using
the dual Michaelis–Menten kinetic model with respect
to DOC and dissolved oxygen (DO). The CO2
produced by respiration forms various dissolved
inorganic carbon species which were assumed to be
in local equilibrium with gas phase CO2 using Henry’s
law (Sander 2015). The gas phase CO2 was allowed to
release into atmosphere through the top surface of the
soil core. The dissolved and gaseous O2 were also
assumed to be at local equilibrium following Henry’s
law, and were supplied through diffusion in both liquid
and gas phases from the top of the soil core where they
are in equilibrium with atmospheric O2. With these
treatments, the heterotrophic respiration and reactive
transport of dissolved and gaseous species in soils can
be described using the following equations:
oCDOC
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km
h




CDO þ KDO ; ð1Þ
oCSOC
ot
















o hCDIC þ eCGICð Þ
ot




CDO þ KDO ;
ð5Þ
CDO ¼ Kh;oCGO; ð6Þ
CDIC ¼ KpHKh;cCGIC; ð7Þ
where CDOC is the DOC concentration (g/l), CSOC is
the concentration of sorbed organic carbon (g/g soil),
CB is the concentration of microbial biomass (g/l),
CDO is the DO concentration (g/l), CGO is the
concentration of gaseous oxygen (g/l), CDIC is the
concentration of dissolved inorganic carbon (DIC) (g/
l), CGIC is the concentration of gaseous CO2 (g/l), qs is
the soil particle (solid) density (kg/m3), / is the local
soil porosity for each numerical voxel (–), h is the local
water content (m3/m3), km is the mass transfer
coefficient of soil organic carbon (m/s), Kc is the
adsorption/desorption equilibrium constant of DOC (l/
g), A is the specific surface area of soil solid materials
(m2/m3), kDOC is the maximum rate of DOC
metabolism (g DOC/g biomass/s), a is the fraction of
active microbes (–), KDOC is the half-rate coefficient
with respect to DOC (g/l), KDO is the half-rate
coefficient with respect to DO (g/l), Y is the yield
coefficient of biomass (g biomass/g DOC), kB is the
first order decay coefficient of biomass (1/s), e is the
local air content (e = / - h), mDO is the stoichiomet-
ric coefficient of DO consumption per gram of DOC
decomposition (g DO/g DOC), mDIC is the stoichio-
metric coefficient of DIC production per gram of DOC
decomposition (g DIC/g DOC), DDOC is the effective
diffusion coefficient of DOC (m2/s), DDO is the
effective diffusion coefficient of DO (m2/s), DGO is
the effective diffusion coefficient of gaseous O2 (m
2/
s), DDIC is the effective diffusion coefficient of DIC
(m2/s), DGIC is the effective diffusion coefficient of
gaseous CO2 (m
2/s), Kh,o is the Henry constant for O2
(–), Kh,c is the Henry constant for CO2 (–), and KpH is a
coefficient related to equilibrium reactions of DIC
species and pH value:




where Ka1 and Ka2 are the two equilibrium carbonic
acid speciation constants (mole/m3) (Stumm and
Morgan 1996).
The diffusivity of dissolved and gaseous species in
soils is dependent on the saturation degree as well as
pore water and pore air connectivity (Moldrup et al.
2001). In this study, this dependency is described
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where DD and DG are the effective diffusion coefficients
of dissolved species (m2/s) (e.g.,DDOC,DDO, andDDIC in
Eqs. 1, 4, 5) and gaseous species (m2/s) (e.g., DGO and
DGIC in Eqs. 4, 5), respectively; DD,0 and DG,0 are the
corresponding diffusion coefficients in purewater and air
(m2/s), respectively; hth is thewater percolation threshold
(m3/m3), below which water is disconnected and the
effective solute diffusion coefficient becomes zero; eth is
the gas percolation threshold (m3/m3), belowwhich air is
disconnected and gas phase diffusion ceases;m1 andm2
are cementation exponents (–); n1 and n2 are saturation
exponent (–).m1, n1 andm2, n2 are empirical parameters
accounting for the effect of tortuosity and pore connec-
tivity on aqueous and gas phases diffusion, respectively,
in heterogeneous soils (Ghanbarian and Hunt 2014;
Hamamoto et al. 2010).
The percolation threshold in Eq. 9 can be estimated








where CC is clay content (g/g) (Moldrup et al. 2007),
qb is soil bulk density (kg/m
3), qb = qs(1 - /), and ah
is an empirical coefficient (–). The gas percolation
threshold in Eq. 10 can be estimated using the
following equation (Ghanbarian and Hunt 2014;
Hamamoto et al. 2010):
eth ¼ ae/; ð12Þ
where ae is an empirical coefficient related to soil
texture (–) (Hunt 2004).
The mass transfer coefficient, km, for soil organic
carbon in Eqs. 1 and 2 was estimated based on the
measured diffusivity of dissolved organic carbon in




Kh þ h aDDOC;0 ð13Þ
where Kh is a saturation constant (m
3/m3), p is an
exponent determining the change rate of km as h
changes, and a is a parameter reflecting the desorption
rate of SOC (1/m). Their values depend on soil
structure and texture, organic carbon speciation, and
carbon-mineral association.
Moisture content can affect microbial survival and
activities (Manzoni et al. 2012). As soils dry, osmotic
pressure on microorganism surfaces can affect micro-
bial activities, and may force a fraction of microor-
ganisms into dormancy (Manzoni et al. 2014). The
fraction of active microbes can be described by




 x ; ð14Þ
where w is water potential (MPa), Kw is the water
potential when microbes reach 50% of the maximum
activity (MPa), and x is an empirical parameter (–). A
larger absolute Kw value means stronger microbial
resistance against drought, and a larger x means a
more abrupt response of microbial activity to drought.
The effect of microbial resistance to drought on
respiration rate was assessed by varying parameters
Kw and x in this study. A relationship w ¼
0:00055 h/
 3:58
was used to link the water content
to water potential (Franzluebbers 1999).
Parameters and numerical procedures
Most parameter values and simulation conditions
(Table 1) used in the modeling were from literature
cited in Table 1. Only the values of parameters in
Eq. 13 were fitted by experimental data. The temper-
ature and pH value were assumed constant during the
simulations.
The initial sorbed organic carbon is assumed to be
proportional to solid mass fraction in each numerical
voxel. The sorbed organic carbon is allowed to desorb
to become DOC following Eq. 2. A measured microbe
concentration was used as the initial biomass concen-
tration (Lin et al. 2012). The initial concentrations of
the gaseous phase O2 and CO2 in soils were assumed to
be in equilibriumwith atmospheric values under 1 atm
and 25 C. The initial concentration of dissolved O2
and CO2 were assumed in equilibrium with gases
phase O2 and CO2 following Henry’s law. Since the
top surface of the soil core was connected to the
atmosphere, the concentrations of O2 and CO2 were
fixed on this top boundary (Dirichlet-type boundary
condition). A no flux (Neumann-type) boundary
condition was applied to other boundaries.
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Table 1 Parameter and initial values used in the modeling study
Symbol Description Value Units Sources and notes
DDOC,0 Diffusion coefficient of DOC 1.9 9 10
-10 m2/s Hendry et al. (2003)
DDO,0 Diffusion coefficient of DO 2.1 9 10
-9 m2/s Cussler (1997)
DGO,0 Diffusion coefficient of gaseous O2 2.1 9 10
-5 m2/s Weast (1997)
DDIC,0 Diffusion coefficient of DIC 1.92 9 10
-9 m2/s Cussler (1997)
DGIC,0 Diffusion coefficient of gaseous CO2 1.92 9 10
-5 m2/s Weast (1997)
kDOC Maximum reaction rate of DOC 1.97 9 10
-5 g DOC/g
biomass/s
Borden and Bedient (1986)
vDO Stoichiometric coefficient of DO 2.45 g DO/g DOC Calculated (Yang et al. 2014)
vDIC Stoichiometric coefficient of DIC 3.43 g DIC/g DOC Calculated (Yang et al. 2014)
Y Yield coefficient 0.5 g biomass/g
DOC
Borden and Bedient (1986)
kb Decay rate 1.16 9 10
-7 1/s Borden and Bedient (1986)
KDOC Half-saturation coefficient of DOC 1.3 9 10
-4 g/l Borden and Bedient (1986)
KDO Half-saturation coefficient of DO 1.0 9 10
-4 g/l Borden and Bedient (1986)
qs Soil density 2.65 9 10
3 kg/m3 Franzluebbers (1999)
CC Clay content 0.2 g/g Franzluebbers (1999)
ah Empirical coefficient for water percolation
threshold
0.2 – Franzluebbers (1999) and
Moyano et al. (2013)
ae Empirical coefficient for air percolation
threshold
0.1 – Hunt (2004)
Kc Equilibrium constant 0.039 l/g Jardine et al. (1989)
A Soil specific surface area 3.01 9 107 m2/m3 Lea˜o and Tuller (2014)
p Exponent 1 – Fitted
Kh Saturation constant 0.1 m
3/m3 Fitted
a Empirical parameter 3.07 9 10-6 1/m Fitted
m1 Cementation exponent 1.5 – Moyano et al. (2013)
n1 Saturation exponent 2 – Moyano et al. (2013)
m2 Cementation exponent 1.5 – Moyano et al. (2013)
n2 Saturation exponent 2.5 – Moyano et al. (2013)
Ka1 Equilibrium constant between carbonic acid and
bicarbonate
10-6.3 mol/m3 Stumm and Morgan (1996)
Ka2 Equilibrium constant between bicarbonate and
carbonate
10-10.25 mol/m3 Stumm and Morgan (1996)
CSOC,0 Initial concentration of sorbed organic carbon 0.02 g/g Franzluebbers (1999)
CDOC,0 Initial concentration of DOC 0.0 g/g Assumed
CB,0 Initial concentration of biomass 5 9 10
-5 g/g Lin et al. (2012)
CDO,0 Initial concentration of DO 8.3 9 10
-3 g/l Colt (2012)
CGO,0 Initial concentration of gaseous O2 0.2609 g/l Wallace and Hobbs (1977)
CDIC,0 Initial concentration of DIC 2.93 9 10
-3 g/l Colt (2012)
CGIC,0 Initial concentration of gaseous CO2 7.91 9 10
-4 g/l Wallace and Hobbs (1977)
Kh,o Henry constant for O2 3.181 9 10
-2 – Sander (2015)
Kh,c Henry constant for CO2 0.2137 – Sander (2015)
Kw Half-saturation coefficient of microbial activity 0.4 MPa Manzoni et al. (2014)
x Empirical parameter 1 – Manzoni et al. (2014)
T Temperature 25 C Assumed
pH pH value 6.8 – Assumed
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An in-house implicit, finite-volume method code
written in Fortran was developed to solve the govern-
ing equations (Eqs. 1–5). For each step a successive
over-relaxation (SOR) method was used to iterate the
algebraic equations derived from Eqs. 1–5, with a
convergence criterion of 10-10 (Ferziger and Peric´
1999). To linearize equations in this method, DOC
concentration in the denominator of the last term in
Eq. 1 was calculated using the DOC concentration at
the current time step. The same approach was used for
linearizing the equation for DO (Eq. 4).
Results and discussion
Model calibration
Simulated and measured results were first compared to
evaluate the effectiveness of the pore-scale model
(Eqs. 1–5) in simulating HR rate as a function of
saturation degree S (Fig. 2), the relative water-filled
pore space (S = h//) used to represent the degree of
soil saturation in this study. The measured data in
Fig. 2 were from literature where soil samples were
incubated in canning jars under different saturation
conditions (Franzluebbers 1999). This literature
reported the responses of soil respiration rate to
saturation degree for natural soils with different clay
contents, soil organic carbon contents, and bulk
densities. Since the optimal water saturation for
maximum respiration rate did not change consistently
with the variance in clay content and the effects of soil
organic carbon content and porosity were uncertain in
the experiments, the measured respiration rates under
different saturation degrees for all natural soils were
used to calibrate the pore-scale model. The values of
clay content, soil organic carbon content, and porosity
used in the pore-scale simulations were the averaged
values for the natural soils. The simulated HR rates,
which were averaged pore-scale rates over the soil
core, agree well with the measured values (Fig. 2),
indicating that the macroscopic phenomenon of HR
rate as a function of moisture content can be simulated
using the pore-scale model. The minor discrepancies
between the simulated and experimental results are
expected, since the soil core used in the simulations is
not the one used in the experiment. Figure 2 shows
that the HR rate first increases and then decreases with
increasing degree of saturation, with the largest HR
rate occurring at a saturation degree, Sop, near 0.75.
From the pore-scale point of view, the increase in
HR rate with increasing saturation degree when S is
below Sop is because the local mass transfer rate of soil
organic carbon from sorbed to dissolved phases
increases with moisture content (Eq. 13), which
subsequently increases the pore-scale concentration
of dissolved organic carbon and the rate of carbon
degradation (Eq. 1). The effects of increasing mois-
ture content on organic carbon (OC) mass transfer rate
become less important at higher moisture content as
the water in most pore spaces becomes connected
(Eq. 13). This results in a decreasing slope of the HR–
S curve with increasing degree of saturation (Fig. 2).
In addition, the increase in moisture content reduces
the gas phase diffusion coefficient of O2 (Eq. 10).
Although the increase in moisture content would
increase the aqueous phase diffusion coefficient of O2
(Eq. 9), the aqueous phase diffusion is much slower
(Table 1). Consequently, the overall rate of O2
diffusion decreases with increasing moisture content.
This decrease in O2 diffusion rate results in the
decrease in the rate of HR (Eq. 1).
At the saturation degree of Sop, the negative effect
of O2 limitation cancels the positive effect of OC
bioavailability on the HR rate. When the saturation
degree is over Sop, the effect of O2 limitation
Fig. 2 Soil heterotrophic respiration (HR) rate as a function of
saturation degree (S) after 24 days of incubation. The experi-
mental respiration rates were measured from different soil cores
with a mean porosity of 0.58 (Franzluebbers 1999). The
simulation results were the averaged respiration rates calculated
by the pore-scale respiration rates for each voxel in the
heterogeneous soil core with average porosity of 0.58 as shown
in Fig. 1
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dominates the effect of OC bioavailability, thus the
HR rate decreases as the saturation degree further
increases (Fig. 2). The gas phase oxygen diffusion
decreases dramatically once air connectivity
approaches the threshold value (S = 0.9). Conse-
quently, the HR rate decreases dramatically from the
largest value at Sop. The oxygen diffusion in aqueous
phase is significantly slow such that most locations in
the soils lack O2 and the average HR rate is nearly zero
(anaerobic respiration was not considered in this
study).
During the simulations only the parameters in
Eq. 13 were fitted to match the experimental data.
These parameters primarily determine the maximum
respiration rate and the shape of the HR–S curve at the
left side (i.e., carbon limitation side in Fig. 2) through
changing the bioavailability of DOC. The different
maximum respiration rates and HR-S curves observed
in laboratories and field sites indicate that the relation
between organic carbon transfer rate and water content
changes with soils (Daly et al. 2009; Falloon et al.
2011; Skopp et al. 1990).
When comparing the simulation results with exper-
imental data, the averaged HR respiration rates
calculated from the pore-scale simulations were fitted
to the measured CO2 efflux at the top of canning jars in
the experiment under assumption that the biogenic
CO2 was not accumulated inside the soil. This may be
not true under high saturation degree (Daly et al. 2009;
Kim et al. 2012), when the produced CO2 can be
accumulated inside soils because of the low diffusion
rate of gaseous CO2 (Eq. 10). Another uncertainty is
that the pore structure for the pore-scale simulations
was derived from the XCT images under an assump-
tion that two grayscale threshold values were enough
to transfer grayscale images to pore structure. When
multiple threshold values exist, the two threshold
value method would bias the pore structure and thus
simulation results. Although various approaches have
been proposed to reduce the error caused by the
conversion between grayscale value and pore struc-
ture, uncertainty exists inevitably (Wildenschild and
Sheppard 2013).
Effect of soil structure on heterotrophic respiration
rate
Figure 3 shows the effects of soil structure on the
relationship between soil HR and saturation. The HR
is faster in the soils with a larger average porosity and
is slower in soils with heterogeneous structure. The
faster HR rate in the soils with a higher porosity is
because of the faster oxygen diffusion in the soils due
to the better pore connectivity (Eq. 9) and the faster
release of OC from the sorbed phase as the rate of OC
release is assumed to be proportional to the water
content (Eqs. 2 and 13). This result has been observed
in the laboratory experiments where compressed soils
produced less carbon decomposition than the natural
ones (Franzluebbers 1999). The slower HR rate in the
soils with a heterogeneous structure is because OC at
those locations with poor pore connectivity is either
difficult to access by microorganisms or O2 is limited
by diffusion, even though these pores are in theory bio-
accessible. By contrast, in the homogeneous soil all
OC is equally accessible to microorganisms and the O2
diffusion is relatively fast. Among the three cores, the
one with porosity 0.5 and a heterogeneous structure
shows the slowest HR rate as a result of limitation of
OC bioavailability and slow pore phase diffusion of O2
in poorly connected pore regions.
Pore structure affects substrate diffusion in soils not
only through porosity / but also pore connectivity
manifested by the values of parameters m1 and n1 in
Eqs. 9. Sensitivity analyses were conducted to eval-
uate the impact of m1 and n1 on HR rate. Simulation
results show that changes in m1 and n1 values for
aqueous phase diffusion (Eq. 9) have little impact on
soil HR (results not shown). This is because O2
Fig. 3 Effects of soil porosity and structure on simulated soil
heterotrophic respiration (HR) rate as a function of saturation
degree (S)
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diffusion in aqueous phase has minimal effect on HR
rate and OC are mainly degraded locally in this study.
The finding is consistent with the observation where
bacterial utilization of soil organic carbon is limited by
short-distance transport process (Ekschmitt et al.
2008). In contrast, Fig. 4 shows the change in m2
and n2 values for gas phase diffusion (Eq. 10) alters
the HR–S curve at the right side (i.e., oxygen
limitation side in Fig. 2), because oxygen diffusion
in gas phase is the main pathway to provide necessary
electron acceptor for OC oxidation. Smallerm2 and n2
values promote soil respiration by increasing the
oxygen diffusion rate, although this promotion is not
significant.
Effect of soil texture on heterotrophic respiration
rate
Soil texture is another important factor to affect soil
HR process by affecting substrate availability (Thom-
sen et al. 1999), microbial community structure (Or
et al. 2007), and water retention capacity (Moyano
et al. 2012). In this study, the clay content in soils was
used to assess how soil texture might affect soil
respiration rate. High clay content might impede the
transport of substrates in soils by limiting pore phase
diffusion and advection (Bear 1972) and decrease OC
bioavailability by decreasing its mass transfer from
aggregated regions to microbe-residing pore locations
(Six et al. 2002). These factors will decrease the rate of
microbial respiration. On the other hand, a soil with a
higher clay content typically has a larger specific
surface area A (Eqs. 1 and 2) that may enhance OC
desorption from sorbed carbon (Ko¨gel-Knabner et al.
2008), thus increasing HR rate.
In the modeling, the effect of clay content on HR
rate is through its effect on the percolation threshold of
water and air, which influences the diffusion of
dissolved organic carbon and oxygen. The water
threshold, hth, controls the formation of water films
and connection, thus affecting transport of dissolved
substrates. The simulation results indicated that hth
had little impact on soil respiration in this study
(results not shown) because dissolved oxygen supplied
is through gas phase diffusion, and aqueous diffusion
is negligible as described above. The air threshold, eth,
on the other hand, significantly affects soil HR at high
degree of saturation when O2 limits the HR rate
(Fig. 5). Figure 5 shows that a smaller ae, which leads
to a smaller percolation threshold, extends the HR–S
curve toward a larger saturation condition. The result
is expected because a smaller gas percolation thresh-
old increases the effective air connectivity and thus O2
diffusion rate.
The water threshold also affects the effective water
content in soils that is vital for microbial activity. As
the clay fraction increases, the relative amount of
small pores such as those in aggregates and matrix
increases. This leads to a relative increase in the
amount of pore water associated with these small pore
regions in soils because of capillary restriction. This
part of the pore space, however, cannot be accessed by
microbes because of pore size limitations. This would
effectively reduce the amount of water-associated
Fig. 4 Effects of a cementation exponent m2, and b saturation
exponent n2 on the relationship between simulated soil
heterotrophic respiration (HR) and saturation degree (S). The
results shown in the figure are for the heterogeneous soil core
with porosity 0.58
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pore spaces for microbial activity, decrease overall OC
bioavailability as the fraction of OC associated with
clay particles becomes inaccessible to microorgan-
isms, and thus reduce the overall rate of microbial
degradation of OC in soils. Simulation results (Fig. 6)
demonstrate that the soil HR rate decreases with
increasing clay content as a result of the decrease in
OC bioavailability. This decrease diminishes at high
degree of saturation because oxygen, rather than OC
bioavailability, limits the respiration rate under highly
saturated conditions.
The soil specific surface area, A, has a large effect
on the relationship between soil HR rate and saturation
degree (Fig. 7). Soil HR rate increases significantly
with increasing A when the soil respiration occurs at
the OC limitation side. On the other hand, a large
surface area, thereby a high carbon bioavailability,
results in a low optimal saturation for maximum
respiration rate (Fig. 7), which is consistent with the
field observation where carbon-rich soils induced a
lower optimal saturation than soils with low carbon
content (Moyano et al. 2013).
Clay content affects both effective water content in
the pore regions for microbial activities and the soil
surface area. The results (Figs. 6, 7) indicated that the
specific surface area has a stronger effect on the soil
respiration rate as compared with the effective water
content. These two factors are, however, coupled in
their effects on the HR respiration rate. If the large
surface area is only associated with the aggregate
regions, its effect on the HR rate would be diminished
because mass transfer processes limit the bioavail-
ability of OC associated with the interior of the
aggregate regions. The OC inside the aggregate
regions may be quickly desorbed locally, but will
not become bioavailable until it diffuses out of the
aggregate regions. The complicated effects of clay
content might explain the inconsistent change of soil
Fig. 5 Effects of air percolation threshold, eth = ae/, on the
relationship between simulated soil heterotrophic respiration
(HR) and saturation degree (S). The results are for the
heterogeneous soil core with porosity 0.58
Fig. 6 Effects of clay content (CC) on the relationship between
simulated soil heterotrophic respiration (HR) and saturation
degree (S). The results are for the heterogeneous soil core with
porosity 0.58
Fig. 7 Effects of soil specific surface area (A) on the
relationship between soil heterotrophic respiration (HR) and
saturation degree (S). The results are for the heterogeneous soil
core with porosity 0.58
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respiration rate as clay content increased in experi-
ment (Franzluebbers 1999) and the wide range of
optimal saturation for maximum respiration rates in
laboratory and field observations (Franzluebbers
1999; Daly et al. 2009; Moyano et al. 2012).
Effect of microbial activity on heterotrophic
respiration rate
The function in Eq. 14 was first calibrated against an
observed bacterial survival rate with respect to
drought stress by adjusting parameters Kw and x
(Freckman 1986). The best fitted values are Kw = 1
MPa andx = 4 with the fitted result shown in Fig. 8a.
These parameter values were then varied to assess the
sensitivity of microbial survival ability under drought
stress. Different microorganisms have different levels
of resistance to drought stress (Manzoni et al. 2012).
By varying these parameters, the model can simulate
the survival rate of different microorganisms (Fig. 8a).
The effect of microbial survival rate on the soil
respiration rate in response to drought stress, as
expected, primarily occurs in the low saturation
degree region (S\ 12%) (Fig. 8b). Above 12% in
saturation degree, the survival rate is high (Fig. 8a),
and has minimal effect on overall microbial activities.
The fast drop in the respiration rate for the case with
Kw = 1 MPa and x = 4 as compared to other two
cases with more drought-tolerant representations
(Fig. 8b) is because of the fast drop in the microbial
survival rate (Fig. 8a) as the saturation degree
decreases below 12%.
Under drought condition microorganismsmight use
other strategies to survive, such as osmotic adjustment
which requires sufficient substrate (Manzoni et al.
2014; Warren 2014). Nevertheless, due to the limited
carbon availability under low degree of saturation,
switching to dormancy in this study seems an effective
way for microbes resisting against drought.
Conclusions and implications
The relationship between soil heterotrophic respira-
tion rate and moisture content is a fundamental
property for understanding and modeling organic
carbon cycling in soils (Falloon et al. 2011; Sierra
et al. 2015; Vincent et al. 2006). Various experimental
studies have been performed to understand mechanis-
tic processes and factors controlling such a relation-
ship (Franzluebbers 1999; Kakumanu et al. 2013;
Schjønning et al. 1999; Thomsen et al. 1999; Vincent
et al. 2006). In this study, we used a pore-scale
modeling approach to investigate this problem and to
provide pore-scale insights into the relationship
between soil HR rate and moisture content. The
pore-scale approach has advantages, in particular that
mechanism-based processes can be directly incorpo-
rated in the modelling. This allows evaluating the
effect of individual process and their coupling.
Assessing the effects of all these processes through
experimental measurements is often time consuming
and sometimes challenging in designing experimental
Fig. 8 aCalculated fraction of active microbes (a) as a function
of water potential w (or saturation degree S) for the three
microbe species with different Kw and x; b simulated soil
heterotrophic respiration (HR) rate as a function of saturation
degree (S) in soils dominated by three different microbe species.
The results are for the heterogeneous soil core with porosity 0.58
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systems (Moyano et al. 2012; Thomsen et al. 1999). In
this regard, the numerical studies as presented in this
study represent a cost-effective approach for investi-
gating carbon mineralization in soils. The simulation
results generally confirmed the phenomenon that the
soil respiration rate is a function of moisture content,
and produced emergent results that were consistent
with field and laboratory observational studies.
Our results showed that the effective respiration
rate can be affected by various factors, including pore-
scale OC bioavailability, oxygen delivery, soil struc-
ture, soil texture and microbial drought resistivity.
Among all evaluated factors, the bioavailability of OC
and the delivery of oxygen are two most important
factors affecting the effective soil respiration rate as a
function of moisture content. Generally, the soil
respiration rate is controlled by the OC bioavailability
under low saturation conditions and the delivery of
oxygen limit under high saturation conditions. Other
factors such as soil structures including porosity, air
and water filled pore connectivity, and pore structure
heterogeneity, and soil texture (aggregate content,
pore water distribution, and OC protection in aggre-
gate regions) affect the soil HR rate through their
effects on OC bioavailability and oxygen delivery. In
addition, this study found that the survival rate of
microorganisms in response to drought stress can
affect HR rate when the saturation degree is below
12%.
This research indicates that increasing porosity can
effectively improve diffusion of substrates through
soils, and thereby promotes HR rate. The results
implied that consolidation and porosity decrease in
fields can reduce OC degradation rate and improve the
protection of OC in soils. The results of this study also
indicated that a higher water content leads to a lower
HR rate due to the restriction of oxygen delivery in gas
phase, consistent with both theoretical expectations
and many previous observations. This result implied
that a wet environment in soil facilitates OC protection
and slows HR rate. This conclusion, however, may
change when anaerobic processes are included in the
modeling, which were not considered in the simula-
tions. Further research is needed to evaluate the effect
of coupled aerobic and anaerobic processes on OC
degradation.
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